Abstract There is increasing evidence that molecular detection of micrometastatic breast cancer in the axillary lymph nodes (ALN) of breast cancer patients can improve staging. Molecular analyses of samples obtained from the Minimally Invasive Molecular Staging of Breast Cancer Trial (n = 489 patients) indicate that whereas the majority of molecular markers are informative for the detection of metastatic breast cancer (significant disease burden), only a few are sensitive for the detection of micrometastatic disease (limited disease burden). Frequency distribution and linear regression analyses reveal that relative levels of gene expression are highly correlated with apparent sensitivity for the detection of micrometastic breast cancer (P < 0.05). These data provides statistical validation of the concept that the most informative markers for detection of micrometastatic disease are those that are most highly expressed in metastatic disease. To test this hypothesis, we developed an innovative microarray strategy. RNA from a metastatic breast cancer ALN was diluted into RNA from a normal lymph node and analyzed using Affymetrix microarrays. Expression analysis indicated that only two genes [mammaglobin (mam) and trefoil factor 1 (TFF1)] were significantly overexpressed at a dilution of 1:50. Real-time reverse transcription-PCR analysis of pathology-negative ALN (n = 72) confirm that of all the markers tested, mam and TFF1 have the highest apparent sensitivity for detection of micrometastatic breast cancer. We conclude that a dilutional microarray approach is a simple and reliable method for the identification of informative molecular markers for the detection of micrometastatic cancer.
A major focus of current research is the application of recent advances in molecular genetics to the field of surgical pathology and the detection of metastatic and micrometastatic cancer. In this context, metastatic cancer is defined as metastatic cancer of significant disease burden that is readily detected by standard histopathologic techniques, whereas micrometastatic cancer is defined as metastatic cancer of limited disease burden that cannot be detected by standard histopathologic techniques. In the setting of breast cancer, the presence of metastatic breast cancer in axillary lymph nodes (ALN) remains one of the most important prognostic factors for predicting disease recurrence (1 -3) . Unfortunately, standard H&E histopathologic analysis of ALN has limitations, as it is subjective in nature and often lacks the sensitivity to detect small amounts of clinically relevant disease. A number of studies have shown that doing additional tissue sections and/or immunohistochemical staining (IHC) of ALN increases the ability to detect breast cancer metastases by up to 25% (4 -6) . Furthermore, these retrospective studies suggest that the prognosis for patients with micrometastatic is similar to patients with pathologypositive ALN (4, 5, 7) . Taken together, these findings suggest that the development of more sensitive histopathologic or molecular techniques for the detection of micrometastatic breast cancer in ALN could significantly improve breast cancer staging.
We recently reported interim results of the Minimally Invasive Molecular Staging of Breast Cancer Trial (MIMS), a prospective cohort study designed to define the clinical significance of molecular detection of micrometastatic breast cancer in ALN (8) . ALN from 489 patients with T1 to T3 primary breast cancers were analyzed by standard histopathology (H&E staining) and by multimarker, real-time reverse transcription-PCR (RT-PCR) for the following genes: mam, mamB, muc1, CEA, PDEF, CK19, and PIP. The interim results indicate that overexpression of breast cancer -associated genes in breast cancer subjects with pathology-negative ALN correlates with traditional predictors of disease progression, providing strong evidence that molecular markers serve as valid surrogates for the detection of micrometastatic breast cancer (8) . Despite these positive results, one of the surprising findings from the interim analysis is that whereas the majority of molecular markers were informative for the detection of metastatic breast cancer, only a few were informative for the detection of micrometastatic breast cancer. Of particular interest, the molecular marker [mammaglobin (mam)] that was most highly expressed in pathology-positive ALN also had the highest apparent sensitivity for the detection of micrometastatic disease. Recent IHC studies have shown that mam is a valid surrogate of micrometastatic disease (9) .
In this study, using quantitative real-time RT-PCR data from the MIMS Trial, we did a rigorous statistical analysis of the relationship between relative levels of gene expression and the ability of individual molecular markers to detect micrometastatic breast cancer. The result of this analysis is a statistical validation of the concept that the most informative markers for detection of micrometastatic disease are those that are most highly expressed in metastatic disease. To further test this hypothesis, we developed an innovative microarray strategy to identify genes that are most likely to be informative for the detection of micrometastatic disease.
Materials and Methods
Expression values used for frequency distribution analysis. The design, enrollment criteria, tissue acquisition protocols, and determination of gene expression values for patients enrolled in the MIMS trial are described in a separate publication (8) . Pathology-positive ALN. Subjects (145 of the 489) enrolled in the MIMS Trial had at least one ALN that was positive by H&E staining for the presence of metastatic cancer. This population of subjects is referred to as the H&E (+) subjects. Pathologynegative ALN. Subjects (344 of the 489) had no evidence of metastatic breast cancer in the ALN by routine H&E staining done at the participating site. This population of subjects is called the H&E (À) subjects. For frequency distribution analyses of H&E (+) or H&E (À) ALN, the lymph node that had the highest combined level of relative gene expression from a given patient was selected (data not shown). Normal cervical lymph nodes were obtained from patients with no evidence of malignancy undergoing elective carotid endarterectomy at the Medical University of South Carolina.
Artificial neural network development and generation of frequency distribution analyses. Frequency distribution analyses were done using an artificial neural network (ANN) developed by one of the authors (J.S.A.) following published guidelines (10) . The guidelines consist of using bootstrapped cross-validation for automatic identification of feedforward ANN models, including both regression early stopping and optimal topology selection, whereas avoiding model overfitting. The ANN model is detailed in Eq. A, where w 1 , w 2 , b 1 , and b 2 are variable vectors with the length equal to the number of hidden nodes in the optimal topology of the ANN model.
Because the ANN can be expressed as an algebraic expression, its symbolic derivative, dp(DC t )/dDC t , can also be used directly to generate the frequency distribution of a given molecular marker. The derivative of the ANN is described in Eq. B. The m-files (in MATLAB code) implementing Eq. A and its symbolic derivative can be obtained from J.S.A. at almeidaj@musc.edu.
Statistical analyses. Regression analyses were done using SAS version 9.0 Software (SAS Institute, Inc., Cary, NC).
RNA isolation for dilutional microarray analysis. For microarray analysis, we used a metastatic ALN in which mam was overexpressed at a level 5.3 Â 10 7 -fold higher than the mean expression in normal lymph nodes. In addition, four normal lymph nodes were used. Quality and quantification of RNA was assessed by an Agilent 2100 Bioanalyzer System (Agilent Technologies, Inc., Palo Alto, CA). RNA from the metastatic lymph node was diluted into a pool of normal lymph node RNA at ratios of 1:50, 1:2,500, and 1:125,000. For all of these conditions, expression values were obtained for a total of 22,283 gene transcripts spotted on an Affymetrix U133A array. Total cellular RNA was isolated as follows: V0.15 g of lymph node tissue was homogenized in 1 mL of RNA STAT-60 (TEL-TEST, Friendswood, TX) using a model 395 type 5 polytron (Dremel, Racine, WI). Total RNA isolation was done as per manufacturer's instructions up to the aqueous phase separation. Aqueous phase containing RNA was removed from organic phase and mixed with an equal volume of 70% ethanol. The sample was then loaded into an Rneasy Mini column (Qiagen, Valencia, CA) and purified according to the manufacturer's protocol. The RNA pellet was dissolved in 50 AL of RNase-free water.
GeneChip microarray analysis. Expression levels of 22,283 gene transcripts were determined on oligonucleotide microarrays using: (a) pooled RNA from four normal lymph nodes, (b) RNA from an ALN with a large breast cancer metastasis, and (c) RNA from an ALN with a large breast cancer metastasis diluted into pooled normal lymph node RNA at dilutions of 1:50, 1:2,500, and 1:125,000. Eight microgram of total RNA per sample was used for microarray analysis. First-and second-strand cDNA synthesis, double-stranded cDNA cleanup, biotinlabeled cRNA synthesis, cleanup, and fragmentation were done according to protocols in the Affymetrix GeneChip Expression Analysis technical manual (Affymetrix, Santa Clara, CA). Microarray analysis was done by the DNA Microarray and Bioinformatics Core Facility at the Medical University of South Carolina using U133A GeneChips (Affymetrix). Fluorescent images of hybridized microarrays were obtained by using a HP GeneArray scanner (Affymetrix). For normalization, the microarray office suite was used such that all fluorescence values were multiplied by a factor that resulted in a mean fluorescent score for all genes equal to 150.
Real-time reverse transcription-PCR validation of dilutional microarray analysis on frozen tissue samples. Twenty H&E (+) ALN, 40 control cervical lymph nodes, and 72 H&E (À)/PCR (+) ALN were used in this study. Frozen tissue specimens were obtained as part of the MIMS Trial, which was approved by the Institutional Review Board at the Medical University of South Carolina and all participating institutions. mRNA sequences of genes identified in this study were retrieved from the National Center for Biotechnology Information database. Intronspanning primers were designed and tested in breast cancer cell lines MDA-MB-231 or SK-BR-3: TFF1 forward 5V -AATGGCCACCATGGA-GAACA-3V , reverse 5V -ACCACAATTCTGTCTTTCACGG-3V ; TFF3 forward 5V -TTTGACTCCAGGATCCCTGGAG-3V , reverse 5V -AGGTGCCTCA-GAAGGTGCATTC-3V ; PRO1708 forward 5V -AAGAATGCCCTGTGCA-GAAGAC-3V , reverse 5V -TTCTGTGCAGCATTTGGTGACT-3V ; Lipophilin B forward 5V -ACGGATCAGATGTCCCTTCAG-3V , reverse 5V -TTGAAAGA-CAGTGGAAACCAGG-3V ; FBJ forward 5V -CGTTGTGAAGACCATGA-CAGGA-3V , reverse 5V -TCCTTTCCCTTCGGATTCTCC-3V . Primers to the mam gene has been previously described (11, 12) . cDNA was made from 5 Ag of total RNA using 200 units of Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI) and 0.5 Ag Oligo (dT) [12] [13] [14] [15] [16] in a reaction volume of 20 AL (10 minutes at 70jC, 50 minutes at 42jC, and 15 minutes at 70jC). Real-time RT-PCR analysis was done on a PE Biosystems Gene Amp 5700 Sequence Detection System (Foster City, CA). The standard reaction volume was 10 AL and contained 1Â QuantiTect SYBR Green PCR Master Mix (Qiagen), 0.1 unit AmpErase UNG enzyme (PE Biosystems); 0.7 AL cDNA template; and 0.25 Amol/L of both forward and reverse primer. The initial step of PCR was 2 minutes at 50jC for AmpErase UNG activation, followed by a 15-minute hold at 95jC. Cycles (n = 40) consisted of a 15-second denaturation step at 95jC followed by a 1-minute annealing/extension step at 60jC. The final step was a 60jC incubation for 1 minute. All reactions were done in triplicate.
Real-time reverse transcription-PCR validation of dilutional microarray analysis on paraffin-embedded tissue samples. A 20-to 50-Am section was cut from nine H&E (+) ALN tissue blocks for mRNA extraction following the method of Specht et al. (13) . An adjacent 5-Am section was cut for standard H&E staining and examined by a pathologist to confirm the presence or absence of metastatic breast cancer. Briefly, paraffin-embedded tissue sections were deparaffinized twice with 1 mL of xylene at 37jC or room temperature for 10 minutes. The pellet was subsequently washed with 1 mL of 100%, 90%, and 70% of ethanol and air-dried at room temperature for 2 hours. The pellet was resuspended in 200 AL of RNA lysis buffer [2% lauryl sulfate, 10 mmol/L Tris-HCl (pH 8.0), and 0.1 mmol/L EDTA] and 100 Ag of proteinase K and incubated at 60jC for 16 hours. RNA was extracted using 1 mL of phenol/chloroform (5:1) solution (Sigma, St. Louis, MO). The aqueous layer containing RNA was transferred to a new 1.5-mL tube. Phenol/chloroform extraction was done a total of three times. RNA was precipitated with an equal volume of isopropanol, 0.1 volume of 3 mol/L sodium acetate, and 100 Ag of glycogen at À20jC for 16 hours. After centrifugation at 12,000 rpm for 15 minutes (4jC), the RNA pellet was washed with 70% of ethanol and air-dried at room temperature for 2 hours. Finally, the pellet was dissolved in 12 AL of DEPC water. cDNA synthesis was done as described above with an exception that 500 ng of a panel of truncated gene-specific primers were used instead of oligo(dT) [12] [13] [14] [15] [16] . Truncated gene-specific primers for reverse transcription were designed to correspond to the 5V -end of reverse primer designed for real-time PCR: TFF1 5V -ACCACAATTCTGTCTT-3V , TFF3 5V -AGGTGCCTCAGAAG-3V , PRO1708 5V -TTCTGTGCAGCAT-3V , Lipophilin B 5V -TTGAAAGACAGTGGAA-3V , FBJ 5V -TCCTTTCCCTTCGG-3V , and mam as described previously (14) .
Results
Frequency distribution analyses and determination of mean gene expression in specific subsets of axillary lymph nodes. To understand the disparity in the ability of individual molecular markers to detect metastatic versus micrometastatic breast cancer, we first attempted to determine mean levels of gene expression in metastatic breast cancer tissue. For this purpose, we generated frequency distribution curves for the seven molecular markers in H&E (+) ALN used in the MIMS trial (8) . We observed that for all seven molecular markers, the distribution of expression in the H&E (+) ALN was bimodal (Fig. 1, solid trace) . In each instance, one population expressed a given marker at high levels, whereas the other population expressed the marker at low (or undetectable) levels. Because all seven genes were initially selected based on high expression levels in tissues containing breast cancer (11), we reasoned that the population expressing an individual molecular marker at high levels corresponds to ALN tissues containing metastatic breast cancer. Conversely, the population expressing an individual molecular marker at low levels corresponds to either (a) tissue containing no metastatic breast cancer (one of the limitations of the MIMS Trial study design is the potential for sampling error) or (b) tissue containing metastatic cancer that does not overexpress the particular molecular marker. Thus, we reasoned that for H&E (+) ALN, the best estimate for the true population mean corresponds to the peak of the population expressing the particular molecular marker at high levels ( Fig. 1,  peak 1) .
To obtain an estimate of the mean gene expression levels in normal tissue, we analyzed 51 normal control lymph nodes. For all of the molecular markers, the distribution of expression in normal lymph nodes approximated a normal distribution (data not shown). The mean gene expression levels for each molecular marker in normal lymph nodes are indicated in Fig. 1  (arrowhead) . Of note, the mean gene expression levels in normal lymph nodes closely approximated the mean levels of expression observed in the low expressing population of both the H&E (+), and H&E (À) samples. These results confirm that normal lymph nodes obtained from patients with no history of malignancy are appropriate controls for this study.
Relative levels of gene expression for individual molecular markers are correlated with apparent sensitivity for the detection of micrometastatic breast cancer. Using the mean expression values for metastatic breast cancer (Fig. 1, peak 1 ) and normal lymph nodes (Fig. 1, arrowhead) , we were able to calculate the relative levels of gene expression (RLGE) for all seven markers using the 2 DDCt method (ref. 15 ; Table 1 ). Muc1 had the lowest RLGE value (3.6 Â 10 2 ), whereas mam had the highest (1.9 Â 10 6 ). To determine whether RLGE values are correlated with the ability of a given marker to detect micrometastatic disease, we did a linear regression analysis. We observed that the correlation coefficient between log (RLGE) values and detection of micrometastatic disease in the H&E (À) population was good (R 2 = 0.69, P = 0.0211, F test; Fig. 2 ). This result provides statistical validation of the concept that the most informative markers for detection of micrometastatic disease are those that are most highly expressed in metastatic disease.
Innovative microarray strategy improves the ability to identify molecular markers that are informative for the detection of micrometastatic breast cancer. Based on the results outlined above, we hypothesized that informative molecular markers for detection of micrometastatic breast cancer could be rapidly identified by an innovative microarray strategy based on RNA dilution.
To test this hypothesis, we did a microarray analysis whereby RNA isolated from a highly metastatic (breast cancer) ALN was diluted into normal lymph node RNA as described in Materials and Methods. Candidate breast cancer -associated genes from this analysis were then selected based on the following criteria: (a) absence of expression in the pooled normal lymph nodes, (b) a fluorescence signal that was above 500 relative units for the undiluted breast cancer sample, and (c) a fluorescence signal that was present in the 1:50 dilution. The per cent of genes that met each respective criterion were 52%, 8.1%, and 52%. Median relative fluorescent value for all genes was 74. Seventy-one genes were identified by criteria a and b, whereas 34 genes were identified by criteria a, b, and c. The 34 genes were sorted by relative intensity of metastatic signal and the top 15 are listed in Table 2 , along with genes that we have used in the past for molecular detection of micrometastatic disease (indicated in bold). Of note, of the 34 genes identified by criteria a, b, and c, only mam and trefoil factor 1 (TFF1) had fluorescence signals above 1,000 fluorescent units in the 1:50 dilution. These results suggest that both the mam and TFF1 genes may be informative molecular markers for the -fold higher than the mean expression in normal lymph nodes. We can conclude, therefore, that without dilution, mam is in the saturated range, whereas at the 1:50 and 1:2,500 dilutions, mam is at the upper and lower end of the linear detection range, respectively. Based on these findings, we conclude that for highly expressed genes, the hybridization signal at the undiluted level is likely to become saturated and is unlikely to be proportional to gene copy number.
Real-time reverse transcription-PCR confirms that TFF1 is highly expressed in axillary lymph nodes containing metastatic breast cancer. To determine whether TFF1 and/or other markers identified by dilutional microarray analysis were potentially useful for the detection of metastatic and/or micrometastatic breast cancer, we selected the five most highly expressed genes (TFF1, TFF3, PRO1708, Lipophilin B, and FBJ) for further analyses. Primers (see Materials and Methods) were designed and validated using cDNA prepared from the breast cancer cell lines MDA-MB-361 and/or MDA-MB-231. Gene expression levels were determined in ALNs containing metastatic breast cancer (n = 20), as well as in control lymph nodes (n = 8; n = 40 for TFF1; Fig. 3 ). In control lymph nodes, DC t values for TFF1 ranged from 16.3 to 25.2 (mean, 22.4 F 2.1) providing evidence that this gene is expressed poorly in normal tissue. In contrast, the DC t values for TFF1 in pathologypositive lymph nodes ranged from À2.6 to 23.7 (mean, 12.7 F 8.1). Using a threshold of three SDs beyond the mean of control lymph nodes, we observed that at least one marker was overexpressed in 17 of 20 (85%) metastatic lymph nodes. TFF1 was overexpressed in 10 of 20 (50%) metastatic ALN, providing evidence that this gene may be an informative marker for detection of metastatic disease. Consistent with previous studies (8, 11) , mam was overexpressed in 14 of 20 (70%) samples. Of note, of the three samples that were marker positive but negative for mam, one was positive for TFF1 and two were positive for FBJ. Of the remaining candidate genes, lipophilin B seemed a potentially informative marker and was overexpressed in 9 of 20 (45%) specimens. The sensitivities of the other markers tested were as follows: TFF1 is highly expressed in paraffin-embedded lymph nodes containing metastatic breast cancer. One of the design limitations of the analysis outlined above is the potential for sampling error. To minimize this potential, we determined expression levels of TFF1 gene in nine archived paraffinembedded tissue samples containing metastatic breast cancer. Sections adjacent to those used for molecular analysis were analyzed by H&E to confirm the presence of metastatic breast cancer. In addition to TFF1, we also determined expression levels of four genes that have very high diagnostic accuracy for breast cancer: mam, PIP, PDEF, Fig. 2 . RLGE are correlated with apparent sensitivity for the detection of micrometastatic disease in H&E (À) population. Marker positivity rates in H&E (À) patients (n = 344) were determined using the thresholds described in the text. A particular lymph node was determined to be positive by molecular marker analysis if the DC t value of one or more marker(s) was above the respective threshold. A patient was determined to be marker positive if one or more lymph nodes were marker positive. Marker positivity rates (x-axis) reflect the percent of total. Data points correspond to the indicated gene. Regression line through the data points was generated using Microsoft Excel software. Relative overexpression values were calculated as described inTable 2. Correlation coefficients and Ps were obtained using SAS version 9.0 Software.
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on April 14, 2017. © 2005 American Association for Cancer clincancerres.aacrjournals.org Downloaded from Fig. 4A ). We observed that at least one marker was overexpressed in nine of nine (100%) of the samples. TFF1 and mam were each overexpressed in six of nine samples (67%) at levels up to 1.0 Â 10 4 -and 2.9 Â 10 5 -fold above their respective thresholds. For PDEF and EpCAM, overexpression was detected in eight of nine samples (89%), a rate that is higher than the rate observed for TFF1 or mam. However, although the rates of overexpression of PDEF and EpCAM were higher than TFF1, their levels of overexpression were not. For example, the mean value of gene overexpression for both mam and TFF1 were greater than EpCAM (not shown, but see Fig. 4 ).
TFF1 is an informative marker for the detection of micrometastatic breast cancer. The results described above confirm that TFF1 is an informative marker for the detection of metastatic breast cancer. Furthermore, the degree of overexpression in ALN containing metastatic breast cancer suggests that TFF1 is also a potentially informative marker for the detection of micrometastatic breast cancer. To test this hypothesis, we did real-time RT-PCR analyses on 72 frozen, pathology-negative ALN from the MIMS trial (Fig. 4B) . Our prior analysis of these 72 ALNs (8) indicated that for each node, at least one of seven molecular markers was overexpressed. In addition to TFF1 and EpCAM, we reanalyzed samples for mam, PIP, and PDEF. We observed that 46 of 72 samples were positive for one (n = 32) or more molecular markers. Out of all the 14 samples that were positive for two or more markers, mam was positive in 14 and TFF1 in 11 cases. Overall, mam was overexpressed in 39 samples (54%), TFF1 in 15 samples (21%), PIP in nine samples (13%), PDEF in one sample (1.4%), and EpCAM in one sample (1.4%). Of the seven samples that were molecular marker positive but mam negative, four were positive for TFF1, whereas four were positive for PIP. These results suggest that TFF1 is an informative marker for the detection of micrometastatic breast cancer.
Discussion
We have recently completed an interim analysis of the MIMS, a multi-institutional prospective cohort study designed to determine the clinical relevance of micrometastatic breast cancer in sentinel and ALNs of breast cancer patients (8) . The interim results reveal that overexpression of breast cancerassociated genes in breast cancer subjects with pathologynegative ALNs is correlated with traditional predictors of poor prognosis in breast cancer, providing strong evidence that molecular markers are valid surrogates for micrometastatic (9) . We have done a similar side-by-side study whereby H&E-negative lymph nodes (n = 9) were subjected to both IHC (AE1-AE3 cytokeratin-based stain) and molecular analysis. 5 The concordance between IHC and molecular analysis was six of nine (67%) [3(IHCÀ/PCRÀ), 3(IHC+/PCR+), 3(IHCÀ/PCR+)]. Of note, for IHC, a 5-Am section was used, whereas 20-to 50-Am sections were used for PCR. Thus, based on the size of the paraffin sections, one would expect the rate of positive results to be higher for molecular analyses compared with IHC (decreased sampling error). Overall, these IHC analyses support the concept that molecular markers are a valid surrogate for micrometastatic disease.
Given this as a background, we did a statistical analysis of the molecular data from the MIMS Trial to determine predictors of informative markers for the detection of micrometastatic disease. Specifically, the data from the MIMS Trial provides a unique opportunity to explore the relationship between relative levels of gene expression in metastatic breast cancer and the ability to detect micrometastatic breast cancer. The large sample size (n = 489 breast cancer subjects) and quantitative data generated in the MIMS Trial have made it possible for the first time to develop artificial neural networks capable of generating statistically meaningful, accurate frequency distribution analyses of molecular markers known to be associated with breast cancer. In this article, we generated frequency distribution analyses from three different populations: subjects with pathology-positive ALN, subjects with pathology-negative ALN, and control subjects with no evidence of malignancy. The frequency distribution analyses seem internally consistent; the pathology-positive and pathology-negative populations are bimodal, and the peaks representing the low-expressing populations correspond to the mean of the control populations (Fig. 1) . Furthermore, based on these frequency distribution analyses, we were able to calculate RLGE values for each molecular marker, a surrogate for the degree of gene overexpression observed in metastatic breast cancer. Finally, we did logistic regression analyses that seem to confirm the hypothesis that relative levels of gene overexpression in metastatic tissue are associated with apparent sensitivity for detection of micrometastatic disease.
Based on this hypothesis, we proceeded with the development of a novel microarray strategy for the rapid identification of molecular markers that are informative for the detection of micrometastic breast cancer. Microarray analysis has proven to be a powerful tool for studying the mRNA expression profiles of normal and neoplastic tissues. However, the ability of this technology to identify informative molecular markers for the detection of micrometastatic disease has been limited. One major limitation of microarray analysis is that it is only semiquantitative. Thus, it is often difficult to determine which of several hundred candidate genes are likely to be most informative for detection of micrometastatic disease. We reasoned that the identification of informative markers for the detection of micrometastatic disease can be simplified by dilution of metastatic tissue (or RNA) into an excess of normal tissue (or RNA).
For our analyses, RNA from a metastatic lymph node was extracted and serially diluted into a pool of normal lymph node RNA at ratios of 1:50, 1:2,500, and 1:125,000. By virtue of this dilution strategy, we were able to rapidly identify those genes that were overexpressed at the highest level in metastatic tissue. Candidate marker genes were chosen based on three selection criteria and validated by real-time RT-PCR using experimental and control lymph nodes. Of the 22,283 genes contained on the Affymetrix U133-A chip, 34 genes met the three selection criteria. The most highly overexpressed gene was mam, a result that was consistent with our previous studies. Besides mam, only trefoil factor 1 (TFF1) had a signal in the 1:50 dilution that was above 1,000 relative fluorescent units. In fact, the intensity signals of TFF1 were similar to those of mam. The results of our analyses suggest that of the dilutions used, the 1:50 was the most informative for identification of genes useful for detection of micrometastatic disease. Real-time RT-PCR analyses of pathology-negative ALN nodes that had shown cancer-associated gene overexpression in the MIMS study (n = 72) confirm that of all the markers tested, mam and TFF1 have the highest apparent sensitivity for detection of micrometastatic breast cancer (Fig. 4B) .
TFF1, also known as gastrointestinal trefoil protein pS2, breast cancer estrogen-inducible sequence (BCEI), pNR-2, and Md2, is a secretory polypeptide encoded by a gene in chromosome 21q22.3. TFF1 is involved in the formation of mucus and is highly expressed in stomach epithelium. Interestingly, TFF1 expression has also been found in the regeneration stage of ulcerative and inflammatory gastrointestinal disorders and in various human carcinomas including breast carcinoma (17) . In breast cancer, TFF1 is regulated by estrogen and there is evidence that it can be used as a surrogate indicator for the response to anti -hormonal therapy and more favorable outcome. For example, Gillesby et al. showed that TFF1 mRNA levels in breast cancer were positively associated with both estrogen receptor and progesterone receptor status and that TFF1 was primarily expressed in small (T = 2.0 cm) but welldifferentiated tumors (grade 1 and 2; ref. 18) . In support of a prognostic role of TFF1 in breast cancer, Thompson et al. reported that the combination of lymph node status and TFF1 expression (analyzed by Northern blot) discriminated patients with good prognosis (node negative, TFF1 positive) and patients with poor prognosis (node positive, TFF1 negative; ref. 19) . However, other studies suggest that high levels of TFF1 expression may promote cancer cell invasion (particularly in interval cancers; ref. 20) and may be involved in establishing distant metastasis (21) . To our knowledge, only one research group (van't Veer et al.) has studied TFF-1 and TFF-3 (also called p1B) as diagnostic markers for detection of metastatic breast cancer in axillary nodes (22) and in peripheral blood (23) . Contrary to our results, their data indicate that TFF-3 is superior to TFF-1 for detection of metastatic disease. Although we suspect that the discrepancy is due to selection of a limited set of control samples and/or threshold values that were too high or too low, we cannot rule out the possibility that selection of primer sequences may play a role.
In conclusion, we have been able to provide a meaningful statistical evaluation of the concept that relative levels of gene expression/overexpression are correlated with the ability to detect micrometastatic disease. Furthermore, we have used this information to design an innovative microarray strategy for the rapid identification of marker genes that can be used for the molecular detection of micrometastatic cancer. The microarray analyses did confirm that mam is one of the most valuable molecular markers for the detection of micrometastatic breast cancer and have identified TFF1 as another highly informative marker. These results underscore the importance of relative gene expression levels in evaluation of candidate molecular markers for molecular detection of cancer.
